Introduction
============

Integrins are heterodimeric transmembrane receptors regulating cell--cell and cell--extracellular matrix (ECM) interactions.[@b1-ott-9-1415],[@b2-ott-9-1415] Many studies have implicated the important role of integrins in tumor cell invasion, migration, proliferation, and survival.[@b3-ott-9-1415],[@b4-ott-9-1415] In addition to their role in tumor cells, integrins on the membrane of endothelial cells have also been demonstrated to profoundly promote tumor angiogenesis and eventually influence the malignant potential of the tumor.[@b3-ott-9-1415]--[@b5-ott-9-1415] Therefore, antagonism of integrins is supposed to play an important role in curtailing tumor progression significantly by dually targeting tumor cells and tumor angiogenesis. Among the large subfamily of integrin heterodimers, some of them have been found to bind to ECM through the Arg-Gly-Asp (RGD) motif, and therefore, peptides containing RGD structure usually have a high affinity and specificity for these integrin heterodimers, particularly for αvβ3 and αvβ5.[@b6-ott-9-1415] This characteristic enables pharmacologic disruption of integrin--ECM binding to achieve antitumor effect, and thus many small molecules containing the RGD sequence have been manufactured as integrin antagonists.[@b7-ott-9-1415]--[@b9-ott-9-1415] With these antagonists, many studies have already demonstrated profound antitumor effects by antagonizing RGD-binding integrin activity in a wide range of cancers.[@b10-ott-9-1415]--[@b13-ott-9-1415]

Papillary thyroid cancer (PTC) accounts for \~80% of all thyroid cancers and is the most common endocrine malignancy, with a currently rapidly increasing incidence.[@b14-ott-9-1415],[@b15-ott-9-1415] Although PTC generally has a good prognosis, patients with inoperable and radioactive iodine--refractory (RAIR) lesions have a relatively high morbidity and mortality rate, representing currently a major therapeutic challenge in thyroid cancer medicine.[@b16-ott-9-1415] In a previous study, we demonstrated a significantly stronger expression of RGD-binding integrins in some PTC lesions using a RGD-containing imaging tracer.[@b17-ott-9-1415] The RGD-containing imaging tracer can help clinicians to select only those patients who show high expression of RGD-binding integrins, which will guarantee the efficiency of targeted therapy. Therefore, integrin-targeting therapy would be a novel and effective therapeutic strategy for RAIR PTC as long as integrin antagonism in PTC can be demonstrated to be an effective treatment at first.

In the present study, we firstly analyzed the expression levels of αvβ3 and αvβ5, two important RGD-binding integrin heterodimers,[@b18-ott-9-1415] in several PTC cell lines and then investigated the antitumor effect in PTC cell lines by antagonizing αvβ3 and αvβ5 activity using a widely studied RGD-containing integrin antagonist, cilengitide.[@b12-ott-9-1415],[@b19-ott-9-1415]

Materials and methods
=====================

Cell culture
------------

Three thyroid cancer cell lines were used in this study: BCPAP and K1 were cell lines harboring BRAF*V600E* mutation while TPC1 cells contained *RET*/*PTC1* rearrangement. All the three cell lines lost their differentiation potential in terms of thyroid gene expression and the ability to take up iodine.[@b20-ott-9-1415] BCPAP and K1 cell lines were cultured in Dulbecco's Modified Eagle's Medium mixed with Ham's F12 (DMEM/F-12) and MCDB105 medium in 1:1:1 proportion, supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. TPC1 cell line was cultured in Roswell Park Memorial Institute (RPMI)1640 with 10% FBS and 1% penicillin/streptomycin.

The study was approved by the ethics committees of the Shanghai Jiao Tong University and Shanghai Xin Hua Hospital and by the institutional review board of Shanghai Xin Hua Hospital.

Flow-cytometric analysis of αvβ3 and αvβ5 integrin expression
-------------------------------------------------------------

Antibodies against αvβ3 (dilution 1:100) and αvβ5 (dilution 1:100) (R&D Systems, Minneapolis, MN, USA) were used to label 1×10^6^ cells in a total volume of 200 μL phosphate-buffered saline (PBS). After rinsing thrice with PBS, a fluorescein isothiocyanate (FITC)-conjugated secondary antibody (Sigma-Aldrich, St Louis, MO, USA) was added (dilution 1:50). Excess of unbound secondary antibody was removed by rinsing with PBS. Secondary antibody alone (ie, without adding primary antibody) was used as a negative control. Labeled cells were measured by fluorescence-activated cell sorting (FACS).

Immunofluorescence assay for αvβ3 and αvβ5 integrin expression
--------------------------------------------------------------

In order to confirm and to further characterize αvβ3 and αvβ5 expression in PTC cells, immunofluorescence staining assay was performed for each investigated cell line. Cells were allowed to adhere overnight on chamber slides before fixation with 4% paraformaldehyde. Then the cells were blocked in 5% bovine serum albumin for 40 minutes at 37°C and incubated overnight at 4°C in a solution containing diluted primary antibodies against αvβ3 (dilution 1:100) and αvβ5 (dilution 1:100) (R&D Systems). After rinsing thrice with PBS, the slides were incubated in diluted FITC-labeled secondary antibody (1:200) for 1 hour at room temperature in the dark. The expression of αvβ3 and αvβ5 was visualized using a fluorescence stereo-microscope (Leica Microsystems, Wetzlar, Germany). Images were further processed with Image J software. (National Institutes of Health, Bethesda, MD, USA).

Cell viability analysis
-----------------------

Cell survival was assessed using standard Cell Counting Kit-8 (CCK-8) method. Cells were seeded in a 96-well plate (2,000 cells/well). After overnight incubation, plates were treated with 5, 10, 25, and 50 μM cilengitide (Selleckchem, Houston, TX, USA) for 24, 48, and 72 hours. Wells added with equal concentration of dimethyl sulfoxide (DMSO, 0.2%) without cilengitide were regarded as control. After treatment for 24, 48, and 72 hours, 10 μL CCK-8 solution (Sigma-Aldrich) was added to each well of the plate and the plates were incubated at 37°C for 1 hour. Formazan absorbance at 450 nm was measured in a microplate reader (Thermo LabSystem, Beverly, MA, USA). Absolute optical density values were used to compare cell viability between different groups.

Cell apoptosis assay
--------------------

Cells were seeded in six-well plates (5×10^4^ cells/well). After a 24-hour serum starvation, 25 and 50 μM cilengitide (the two concentrations were selected for further experiments according to the cell viability assay) was added into wells. After incubation for 48 hours, both detached and adherent (after trypsinization) cells were harvested, rinsed with PBS, and subjected to sequential staining with FITC Annexin V Apoptosis Detection Kit (Thermo Fisher Scientific, Waltham, MA, USA) by two-color flow cytometry, according to the manufacturer's protocol. Cells positive for both FITC-Annexin V and propidium iodide (PI) staining were in late apoptosis stage or already dead, while cells positive for FITC-Annexin V but negative for PI were in the early stage of apoptosis.

Western blot assay
------------------

To further confirm cell apoptosis of PTC cell lines after antagonizing integrin activity, the expression of cleaved PARP (cPARP) of different groups of cells was analyzed using anti-cPARP antibody (Epitomics, Burlingame, CA, USA).

Cell migration assay and invasion assay
---------------------------------------

Cell migration was assayed by using 24-well transwell chambers (Corning Incorporated, Corning, NY, USA). The upper and lower compartments were separated by polycarbonate filters with 8 μm pore size to permit cell migration. After 24-hour serum starvation, 1×10^5^ cells/well were seeded onto the filters in medium (0% FBS) containing 0, 25, and 50 μM cilengitide and medium containing 10% FBS was added to the lower chambers. As control, the same number of cells was seeded into normal 24-well plates with the same cilengitide concentration. After 48 hours of incubation at 37°C with 5% CO~2~, cells passing the filters and attaching to the lower sides of filters were harvested using trypsin and the cell number was quantified. The percentage of migrating cells was calculated after correction for controls grown under identical conditions without filters.

Cell invasion was also assayed by using 24-well transwell chambers. Before the assay, the polycarbonate filters were coated with 70 μL Matrigel (Corning Incorporated; 5 mg/mL). The remaining steps were similar to those followed for cell migration assay.

Statistical analysis
--------------------

All data were presented as mean ± standard deviation. The expression of αvβ3 and αvβ5 in PTC cell lines was compared with that in negative control using Student's *t*-test and statistical significance was defined as two-tailed *P*\<0.05. Comparisons of cell proliferation, apoptosis, invasion, and migration among different groups were conducted by one-way analysis of variance (ANOVA). Calculations were performed using SPSS 19.0. Statistical significance was assumed for *P*\<0.05. All the experiments were repeated at least two or three times.

Results
=======

Expression of integrins αvβ3 and αvβ5 in PTC cell lines
-------------------------------------------------------

The expression of αvβ3 and αvβ5 integrins on the cell surface was characterized by flow cytometry using specific monoclonal antibodies. The expression levels of αvβ3 and αvβ5 on the three PTC cell lines were different. As shown in [Figure 1](#f1-ott-9-1415){ref-type="fig"}, there was a population of TPC1 cells that showed stronger fluorescence intensity, while all BCPAP and K1 cells showed only moderate fluorescence intensity, indicating a much stronger expression of αvβ3 and αvβ5 in TPC1 cells than in BCPAP and K1 cells. Specifically, the percentage of TPC1 cells exhibiting positive expression of αvβ3 and αvβ5 was 69.3%±7.4% and 52.8%±1.8%, respectively (*P*\<0.05), while in the other two cells, the percentage of cells with positive αvβ3 and αvβ5 expression was 35.1%±2.3% and 41.9%±3.2% (BCPAP, *P*\<0.05), and 37.7%±2.3% and 48.0%±1.4% (K1, *P*\<0.05), respectively ([Figure 1](#f1-ott-9-1415){ref-type="fig"}). Immunofluorescence microscopy further confirmed the expression of αvβ3 and αvβ5 and showed the distribution of the two heterodimers in three cell lines ([Figure 1](#f1-ott-9-1415){ref-type="fig"}).

Cell viability after antagonizing αvβ3 and αvβ5 activity
--------------------------------------------------------

Morphologic changes of BCPAP, K1, and TPC1 cells were monitored over 24 hours after adding 25 and 50 μM cilengitide. All the three cell lines started to round up, detached from the flask, and tended to form cell clusters in a concentration-dependent manner ([Figure 2](#f2-ott-9-1415){ref-type="fig"}). The effect of antagonizing αvβ3 and αvβ5 upon the proliferation of PTC cell lines was assessed by CCK-8 assay. Cell viability was quantified at 0, 24, 48, and 72 hours after cilengitide treatment. In TPC1 cells, which showed the highest expression of αvβ3 and αvβ5, treatment with cilengitide resulted in a highly significant, dose-dependent cell growth inhibition at 24, 48, and 72 hours (*P*\<0.05) ([Figure 3A](#f3-ott-9-1415){ref-type="fig"}). While in BCAP and K1 cells, the inhibition of cell growth was rather mild as compared to that of TPC1 cells, but still showed a statistically significant difference at 48 and 72 hours (*P*\<0.05) ([Figure 3A](#f3-ott-9-1415){ref-type="fig"}).

Cytotoxic effect of antagonizing αvβ3 and αvβ5 activity in PTC cell lines
-------------------------------------------------------------------------

The loss of integrin-mediated cell--matrix interaction can induce apoptosis of some cell types, which is called anoikis. To examine whether PTC cell lines are sensitive to anoikis, we performed apoptosis assay at the 48-hour time point following cilengitide treatment. The result showed that antagonizing αvβ3 and αvβ5 activity with 50 μM cilengitide induced significant apoptosis in all the three cell lines (*P*\<0.05), but the responses varied among different cell lines ([Figure 3B](#f3-ott-9-1415){ref-type="fig"}). In BCPAP cells, the late/dead apoptosis (Q2) and early apoptotic (Q4) events increased from 3.4%±0.8% in control cells to 6.7%±0.5% in cells treated with cilengitide (*P*\<0.05). K1 cells showed a similar apoptotic pattern after cilengitide treatment (cells in Q2 and Q4 increased from 3.2%±0.5% to 9.4%±0.2%, *P*\<0.05). In contrast, TPC1 showed a much higher response to cilengitide, with apoptotic events (Q2 + Q4) increasing from 2.0%±0.7% to 37.8%±1.0% after cilengitide treatment (*P*\<0.05). As mentioned earlier, nearly all cells detached morphologically from the flask after cilengitide treatment. Among the detached cells, most BCPAP and K1 cells were still alive (\~70% and 82%, respectively), while only 20% of TPC1 cells were alive. It was also observed that the detached K1 and BCPAP cells (exposed to cilengitide for 48 hours) were able to reattach and grow after withdrawal of cilengitide, while TPC1 cells showed a much worse cell attachment (data not shown).

We further examined the expression level of cPARP protein, which served as a marker for cell apoptosis. After blocking αvβ3 and αvβ5 activity, the expression of cPARP slightly increased in BCPAP and K1 cells but significantly increased in TPC1 cells, which was basically consistent with the result of apoptosis assay ([Figure 3C](#f3-ott-9-1415){ref-type="fig"}).

Antagonizing integrin activity reduces migration and invasion of PTCcells
-------------------------------------------------------------------------

Tumor invasion into surrounding areas and metastatic lesions constitute significant events of PTC. As integrins are crucial for cell invasion and migration, we next analyzed the effect of antagonizing integrin activity on PTC cell migration and invasion. As most cells detached from the flask after integrin antagonism, the gap assays were difficult to carry out. Therefore, we used the transwell assay to investigate the migration of three PTC cells. The migration of BCPAP, K1, and TPC1 cells were all clearly inhibited by cilengitide in a dose-dependent manner, although the expression levels of αvβ3 and αvβ5 in the three cell lines were different. The invasive ability of the three cell lines also significantly decreased after cilengitide treatment ([Figure 4](#f4-ott-9-1415){ref-type="fig"}). It is interesting to note that K1 and BCPAP cells, which showed reduced expression of αvβ3 and αvβ5, had a more decreased ability of migration and invasion as compared with TPC1 cells. After treatment with 25 μM cilengitide, the migration of BCPAP and K1 cells decreased by 37% and 51%, respectively, while that of TPC1 cells decreased by 15% (*P*\<0.05 for all the three cell lines); the invasion of BCPAP and K1 cells decreased by 32% and 21%, respectively, while that of TPC1 cells decreased by 16% (*P*\<0.05 for all the three cell lines) ([Figure 4](#f4-ott-9-1415){ref-type="fig"}).

Discussion
==========

Integrins are transmembrane receptors that bind ECM proteins or other adhesion receptors on neighboring cells, regulating a variety of cellular processes such as cell motility, migration, and proliferation.[@b2-ott-9-1415] For these properties, integrin activation has been involved in many pathological processes like tumor growth, survival, metastasis formation, and tumor angiogenesis, and therefore make integrin attractive target for cancer therapy.[@b3-ott-9-1415],[@b21-ott-9-1415],[@b22-ott-9-1415] Although PTCs are the most common endocrine malignancy, they usually receive less attention due to their benign biologic behavior in the majority of the patients. At present, there is no data regarding integrin-targeting therapy in PTC, despite the need of novel therapeutic approaches for inoperable or RAIR PTC tumors.

Dahlman et al and Illario et al reported that the expression of some integrin subunits and heterodimers are different between thyroid cancer and normal thyroid tissue.[@b23-ott-9-1415],[@b24-ott-9-1415] Hoffmann et al previously described integrin expression in several thyroid cancer cell lines including TPC1 cell line.[@b25-ott-9-1415] In contrast to their results, we observed a strong expression of both αvβ3 and αvβ5 in TPC1 cell line. In K1 and BCPAP cell lines, which were not investigated in Hoffmann's study, the expression of αvβ3 and αvβ5 was modest as compared with that of TPC1 cells. The availability of αvβ3 and αvβ5 receptors on PTC cells indicated that integrin-targeted therapy will not only inhibit tumor neovasculature but will also directly inhibit the tumor itself.

In this study, antagonizing αvβ3 and αvβ5 integrin activity led to the detachment of all three PTC cell lines. In endothelial cells, blocking integrin activity usually induces cell detachment and results in anoikis.[@b26-ott-9-1415],[@b27-ott-9-1415] However, as we know, tumor cells generally can escape from anoikis and eventually invade other organs. Among the three PTC cell lines we investigated, TPC1 showed a significant loss of cell viability while BCPAP and K1 cells exhibited a mild reduction in cell proliferation after detachment from the flask following cilengitide treatment. Moreover, after withdrawal of cilengitide, TPC1 cell line showed a much worse cell attachment and cell status when compared with K1 and BCPAP cells, indicating that anoikis-sensitive tumor is more likely to benefit from antagonizing integrin therapy. For K1 and BCPAP cells, which are relatively resistant to anoikis, there is some concern that the detached cells may have a metastatic potential. However, detached tumor cells have to interact with ECM to penetrate the adjacent tissues or distant organs, which can be disrupted by integrin antagonism. Moreover, as shown in [Figure 2](#f2-ott-9-1415){ref-type="fig"}, cells tend to cluster together after detachment from the flask. The strengthened cell--cell adhesion has been reported to promote a more epithelial-like morphology and suppress tumor cell migration.[@b28-ott-9-1415],[@b29-ott-9-1415] As we know, tumor invasion and metastasis are very common in PTC. It has been reported that the occurrence of central lymph node metastasis ranges from 40% to 90% in all PTC cases.[@b30-ott-9-1415],[@b31-ott-9-1415] Integrin is the key player in tumor metastasis and invasion by virtue of its ability to mediate cell--cell and cell--matrix interactions.[@b32-ott-9-1415] Therefore, we examined the effect of antagonizing integrin activity toward PTC cell invasion and migration. The ability of migration and invasion of all the three PTC cell lines was inhibited significantly after integrin antagonism. It is interesting to note that TPC1 cells, which showed the highest expression of αvβ3 and αvβ5 and exhibited the most significant cytotoxic effect after antagonizing integrin activity, conversely showed the mildest decrease in invasion and migration after integrin antagonism. This may partly be attributed to the natural lower ability of invasion and migration of TPC1 cells as compared to that of BCPAP and K1 cells.[@b33-ott-9-1415]

In addition to the important role of integrin in tumor cell invasion and migration, it has been reported that integrin αvβ3 plays a key role in osteoclast migration, which is essential for osteoclast activity in osteolytic bone metastases.[@b34-ott-9-1415],[@b35-ott-9-1415] Therefore, antagonizing αvβ3 with integrin antagonists may be of great clinical significance in reducing skeletal-related events and in improving the quality of life of PTC patients with bone metastasis, especially in view of the relative long-term survival of PTC patients.[@b36-ott-9-1415]

The integrin antagonist we used in this study, cilengitide, is currently under critical review because of its failure in late-stage clinical trial.[@b37-ott-9-1415],[@b38-ott-9-1415] As our primary purpose was to assess the antitumor effect of integrin-targeted treatment in PTC, we still used cilengitide as the antagonist, taking into account its wide range of preclinical experience and easy acquisition.

In this study, our data indicated that there was a moderate-to-high expression of αvβ3 and αvβ5 integrins in PTC cell lines. Antagonizing the two heterodimers with the RGD-containing antagonist showed a moderate cytotoxic effect in K1 and BCPAP cells, while the cytotoxic effect was much stronger in TPC1 cells. The strong cytotoxic effect observed in TPC1 cells indicated that a subgroup of PTC patients may benefit from αvβ3 and αvβ5 antagonism therapy. In terms of cell invasion and migration, all the three PTC cell lines had a significantly inhibited response upon antagonizing αvβ3 and αvβ5. As a result, it is expected that RGD-binding integrin-targeted therapy with a RGD-containing integrin antagonist may be an effective specific therapy regimen for the treatment of PTC, especially in patients with metastatic lesions.
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![Expression of αvβ3 and αvβ5 integrins in BCPAP, K1, and TPC1 cell lines.\
**Notes:** (**A**) Immunofluorescence staining showing the distribution of αvβ3 and αvβ5 in the three cell lines. The "Merge" images correspond to the respective images situated to their left, and show the merge of DAPI staining (blue) and FITC staining (green). The 20 μm scale bar applies to all images. (**B** and **C**) Representative flow cytometry histograms obtained after the immunofluorescence staining of the cells. Solid lines represent the fluorescence intensity of the cells after incubation with monoclonal antibodies against αvβ3 and αvβ5 followed by incubation with the secondary antibody conjugated to FITC. Dotted lines indicate background staining with secondary antibody alone.\
**Abbreviations:** DAPI, 4′,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate.](ott-9-1415Fig1){#f1-ott-9-1415}

![K1, BCPAP, and TPC1 cells detached from the flask after antagonizing αvβ3 and αvβ5.\
**Note:** Images shown at 40× magnification.](ott-9-1415Fig2){#f2-ott-9-1415}

![The cytotoxic effect of antagonizing integrin αvβ3 and αvβ5 activity in PTC cell lines.\
**Notes:** (**A**) Cell viability after antagonizing αvβ3 and αvβ5 was assessed by CCK-8 assay. (**B**) Different degrees of cell apoptosis were induced by αvβ3 and αvβ5 antagonism in the three cell lines. The right lower quadrant of each plot contains early apoptotic cells, whereas the right upper quadrant contains late apoptotic cells. (**C**) The expression of cPARP in three PTC cell lines increased after antagonizing αvβ3 and αvβ5 activity.\
**Abbreviations:** PTC, papillary thyroid cancer; cPARP, cleaved PARP; CCK-8, cell counting kit-8; DMSO, dimethyl sulfoxide; FITC, fluorescein isothiocyanate; PE, phycoerythrin; Con, control; h, hours.](ott-9-1415Fig3){#f3-ott-9-1415}

![Migration and invasion of all three PTc cell lines are inhibited after antagonizing αvβ3 and αvβ5 integrin activity.\
**Notes:** Data are presented as the mean ± SD of the values from three assays. in comparison with control, \**P*\<0.05 and \*\**P*\<0.01.\
**Abbreviations:** PTc, papillary thyroid cancer; SD, standard deviation; con, control.](ott-9-1415Fig4){#f4-ott-9-1415}
